LIGHT-RECEIVING DEVICE WITH 
QUANTUM-WAVE INTERFERENCE LAYERS 

BACKGROUND OF THE INVENTION 
Field of the invention 

The present invention relates to an opto-electric 
conversion device with a new structure, or a light-receiving 
device. 

Description o f t he Related Art 

A light-receiving device has been known to have a pin 
junction structure. A backward voltage is applied to the 
pin layers of the device, and electron-hole pairs are 
generated by that light incided from the side of a p-layer 
is absorbed in an i-layer. The electron-hole pairs excited 
in the i-layer are accelerated by a backward voltage in the 
i-layer, and electrons and holes are flowing into an n-layer 
and a p-layer, respectively. Thus a photocurrent whose 
intensity varies according to an intensity of the incident 
light is outputted. 

To improve an opto-electric conversion effectivity, the 
i-layer which absorbs light is formed to have a 
comparatively larger thickness. But when the thickness of 
the i-layer becomes thicker, more times are needed to draw 
carriers to the n-layer and the p-layer. As a result, the 
response velocity of the opto-electric conversion is 
lowered. To improve the velocity, an electric field in the 



i-layer is increased by increasing a backward voltage. But 
when the backward voltage is enlarged, an element separation 
become difficult and a leakage current is occurred. As a 
result, an photocurrent which flows when the. device is not 
incided by light, or a dark current, is increased. 

Thus conventional light-receiving devices had an 
interrelation among a light-receiving sensitivity, a 
detecting velocity, and a noise current, which restricts 
their performances . 



S U MMARY O F THE INVENTI O N 

It is, therefore, an object of the present invention 
to improve the light-receiving sensitivity and the response 
velocity of the opto-electric conversion by providing a 
light-receiving device having a pin junction of a completely 
new structure. 

In light of these objects a first aspect of the 
present invention is a light-receiving device, which 
converts incident light into electric current, constituted 
by a quantum-wave interference layer units having plural 
periods of a pair of a first layer and a second layer, the 
second layer having a wider band gap than the first layer, 
and a carrier accumulation layer disposed between adjacent 
two of the quantum-wave interference layer units. Each 
thickness of the first and the second layers is determined 
by multiplying by an even number one fourth of a quantum- 



wave wavelength of carriers in each of the first and the 
second layers, and the carrier accumulation layer has a band 
gap narrower than that of said second layer. Plural units 
of the quantum-wave interference layers are formed with a 
carrier accumulation layer, which has a band gap narrower 
than that of the second layer, lying between each of the 
quantum-wave interference units. 

The second aspect of the present invention is to set a 
kinetic energy of the carriers, which determines the 
quantum-wave wavelength, at the level near the bottom of a 
conduction band when the carriers are electrons or at the 
level near the bottom of a valence band in the second layer 
when the carriers are holes. 

- The third aspect of the present invention is to define 
each thickness of the first and the second layers as 
follows : 

D w = n w A w /4 = n w h/4[2m w (E+V) ] H -.-(1) 
and 

D B = n B A B /4 = n B h/4(2m B E) J3 ... (2) 

In Eqs . 1 and 2, h, m w , m B , E, V, and n w , n B represent 
Plank's constant, the effective mass of carrier conducting 
in the first layer, the effective mass of carriers in the 
second layer, the kinetic energy of the carriers at the 
level near the lowest energy level of the second layer, the 
potential energy of the second layer relative to the first 
layer, and even numbers, respectively. 

The fourth aspect of the present invention is a 



quantum-wave interference layer having a partial quantum- 
wave interference layers I k with arbitrary periods T k 
including a first layer having a thickness of n wk A wk /4 and a 
second layer having a thickness of n Bk A Bk /4 for each of a 
plural different values E k , E k +v. E k , E k +V, A Bk , A wk , and n Bk , 
n wk represent a kinetic energy of carriers conducted in the 
second layer , a kinetic energy of carriers conducted in the 
first layer, a quantum-wave wavelength corresponding 
energies of the second layer and the first layer, and even 
numbers , respectively . 

The fifth aspect of the present invention is to form a 
carrier accumulation layer having the same bandwidth as 
that of the first layer. 

The sixth aspect of the present invention is to form a 
carrier accumulation layer having a thickness same as its 
quantum-wave wavelength A w . 

The seventh aspect of the present invention is to form 
a 6 layer between the first layer and the second layer, 
which sharply varies band gap energy at the boundary between 
the first and second layers and is substantially thinner 
than that of the first and the second layers. 

The eighth aspect of the present invention is a light- 
receiving device having a pin junction structure, and the 
quantum-wave interference layer and the carrier 
accumulation layer are formed in the i-layer. 

The ninth aspect of the present invention is to form 
the quantum-wave interference layer and the carrier 



accumulation layer in the n-layer or the p-layer. 

The tenth aspect of the present invention is a light- 
receiving device having a pin junction structure. 

First to third, and eighth to tenth aspects of the invention 

The principle of the light-receiving device of the 
present invention is explained hereinafter. FIG. 1 shows an 
energy diagram of a conduction band and a valence band when 
an external voltage is applied to the interval between the 
p-layer and the n-layer in a forward direction. As shown in 
FIG. 1, the conduction band of the i-layer becomes plane by 
applying the external voltage. Four quantum-wave 
interference layer units Q l to Q 4 are formed in the i-layer, 
and carrier accumulation layers C 1 to C 3 are formed at each 
intervals of the quantum-wave interference layer units. 
FIG. 2 shows a conduction band of a quantum-wave 
interference layer unit Q x having a multi-layer structure 
with plural periods of a first layer W and a second layer B 
as a unit. A band gap of the second layer B is wider than 
that of the first layer W. 

Electrons conduct from left to right as shown by an 
arrow in FIG. 2. Among the electrons, those that exist at 
the level near the lowest energy level of a conduction band 
in the second layer B are most likely to contribute to 
conduction. The electrons near the bottom of conduction 
band of the second layer B has a kinetic energy E. 
Accordingly, the electrons in the first layer W have a 



kinetic energy E+V which is accelerated by potential energy 
V due to the band gap between the first layer W and the 
second layer B. In other words, electrons that move from 
the first layer W to the second layer B are decelerated by 
potential energy V and return to the original kinetic energy 
E in the second layer B. As explained above, kinetic energy 
of electrons in the conduction band is modulated by 
potential energy due to the multi-layer structure. 

When thicknesses of the first layer W and the second 
layer B are equal to order of quantum-wave wavelength, 
electrons tend to have characteristics of a wave. The wave 
length of the electron quantum-wave is calculated by Eqs . 1 
and 2 using kinetic energy of the electron. Further, 
defining the respective wave number vector of first layer W 
and second layer B as K w and K B , reflectivity R of the wave 
is calculated by: 
R = ( | K w | - | K B | ) / ( | K w | + | K B | ) 
= ([mvaE+vn^-tniBE] 11 ) / ( [m w (E+V) ]*+[m B E]*) 

= [l-(m B E/m„(E+V) ) h ] / [l + (m B E/m w (E+V) ) h ] . .. (3). 

Further, when m B = m w , the reflectivity R is calculated 

by: 

R = [1-(E/(E+V) )*]/[l+(E/(E+V) ) h ] ... (4). 

When E/(E+V) = x, Eq. 4 is transformed into: 

R = (1-x*) / (l+x* 3 ) . . . (5) . 

The characteristic of the reflectivity R with respect 
to the energy ratio x obtained by Eq. 5 is shown in FIG. 3. 

When the condition x < 1/10 is satisfied, R > 0.52. 
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Accordingly, the relation between E and V is satisfied with 
E ^ V/9 ... (6) . 

Since the kinetic energy E of the conducting electrons 
in the second layer B exists near the bottom of the 
conduction band, the relation of Eq. 6 is satisfied and the 
reflectivity R at the interface between the second layer B 
and the first layer W becomes 52 % or more. Consequently, 
the multi-layer structure having two kinds of layers with 
band gaps different from each other enables to reflect 
quantum-wave of electrons which is injected to an i-layer. 

Further, utilizing the energy ratio x enables the 
thickness ratio D B /D W of the second layer B to the first 
layer W to be obtained by: 

D B /D W = [m„ / (mex)] 15 (7). * ■ ■ 

When thicknesses of the first and second layers are 
determined by multiplying an even number by one fourth of a 
quantum-wave wavelength, or by a half of a quantum-wave 
wavelength, for example, a standing wave rises in a quantum- 
wave interference layer, and a resonant conduction is 
occurred. That is, when a quantum-wave period of the 
standing wave and a potential period of the quantum-wave 
interference layer is corresponded to each other, a 
scattering of the carrier in each layer is suppressed, and < 
conduction of a high mobility is realized. 

When light is incided to the i-layer formed in the 
light-receiving device, electrons excited in conduction 
bands of the carrier accumulation layers C ir C 2 and C 3 are 



accumulated therein. The excited electrons tend to flow to 
the p-layer by the applied forward voltage. But the energy 
which the excited electrode have is lower than the bottom of 
the conduction band in the second layer B. Accordingly, the 
electrons do not flow because a transmission condition is 
not satisfied for electrons in the quantum-wave interference 
layer unit which exists at the side toward the p-layer. 

But when the electrons existing in the carrier 
accumulation layers C x/ C 2 and C 3 are increased, electrons 
tend to exist in higher level. Then a kinetic energy of the 
electrons existing in higher level increases, and the 
electrons can highly conduct or transmit in the quantum-wave 
interference layer units because of satisfaction of the 
transmission condition. As a result, the electrons passes 
the quantum-wave interference layer units Q 2 , Q 3 , and Q 4 and 
flow toward the p-layer, which occurs a photocurrent . 

Because a forward voltage is applied to the light- 
receiving device, driving at a low voltage becomes possible 
and an element separation become easier. When light is not 
incided, electrons does not have a high transmittivity in 
the quantum-wave interference layer units. As a result, a 
dark current can be lowered. The present inventor thinks 
that electrons is conducted in the quantum-wave interference 
layer units as a wave. Accordingly, a response velocity is 
considered to become larger. 

Thicknesses of the first layer W and the second layer 
B are determined for selectively transmitting one of holes 
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and electrons, because of a difference in potential energy V 
between the valence and the conduction bands, and a 
difference in effective mass of holes and electrons in the 
first layer W and the second layer B. Namely, the optimum 
thickness of the first and the second layers for 
transmitting electrons is not optimum for transmitting 
holes. Eqs. 5-9 refer to a structure of the quantum-wave 
interference layer for transmitting electrons selectively. 
The thickness for selectively transmitting electrons is 
designed based on the potential difference in the conduction 
band and effective mass of electrons. Consequently, the 
quantum-wave interference layer has a high transmttivity (or 
a high mobility) for electrons, but not for holes. 

Further, the thickness for selectively transmitting 
holes is designed based on a difference in potential energy 
of the valence band and effective mass of holes, realizing 
another type of quantum-wave interference layer as a hole 
transmission layer, which has a high mobility for holes and 
which has an ordinary mobility for electrons. 

Further explanation can be obtained by FIGS. 4A-4H. 
FIGS. 4A-4H illustrate the relationship between quantum-wave 
reflection of electrons in a potential of quantum-well 
structure and a period of potential representing a 
conduction band of a multi quantum-well (MQW) . FIGS. 4A-4D 
show the relationship when the period, i.e., width of the 
second layer B or the first layer W, of the potential is 
equal to an odd number multiplied by one fourth of the 



wavelength of propagated electron. This type of the 
potential is named as A/4 type potential hereinafter. 
FIGS. 4E-4H show when the period of the potential is equal 
to a natural number multiplied by a half of the wavelength 
of propagated electron. This type of the potential is named 

as A/2 type potential hereinafter. In order to make it 
visually intelligible, thickness of each layers is unified 
in FIGS. 4A-4H. Electrons existing around the bottom of the 
second layer B conduct from left to right as shown by an 
arrow in FIGS. 4A and 4E. And in FIGS. 4B and 4F, the 
electrons reach the interface between the first layer W and 
the second layer B. 

When the quantum-wave of the electrons reaches the 
interface between the second layer B and the first layer W 
in the A/4 type potential, a transmission wave QW2 and a 
reflection wave QW3 having a phase equal to that of the 
transmission wave QW2 , are generated with respect to an 
incident wave QW1 as shown in FIG. 4C. Then when the 
transmission wave QW2 reaches the interface between the 
first layer W and the second layer B, a transmission wave 
QW4 and a reflection wave QW5 having a phase opposite to 
that of the transmission wave QW4 are generated as shown in 
FIG. 4D. The relationship between phases of the 
transmission wave and the reflection wave at the interface 
depends on following or rising of a potential of the 
conduction band at the interface. In order to make it 
visually intelligible, each amplitudes of QW1 , QW2, QW3 , 



QW4, and QW5 is unified in FIGS. 4A-4H. 

With respect to the A/4 type potential of the multi 
quantum-well, the propagating quantum-wave of electrons 
represented by QW1, QW2 and QW4 and the reflecting quantum- 
wave of electrons represented by QW3 and QW5 cancels with 
each other, as shown in FIG. 4D. The quantum-wave of 
electrons represented by the QW1 , QW2 and QW4 propagates 
from left to right, and the quantum-wave of electrons 
represented by the QW3 and QW5, generated by the reflection 
at two interfaces, propagates from right to left. 
Accordingly, a multi quantum-well, having a potential which 
is formed in a period, i.e., the width of the first layer W 
and the second layer B, determined by multiplying by an odd 
number one fourth of -quantum-wave wavelength of propagated 
electrons, cancels the quantum-wave of electrons. In short, 
the multi quantum-well functions as a reflection layer which 
does not propagate electrons . 

With respect to a multi quantum-well, having a 
potential which is formed in a period, i.e., the width of 
the first layer W and the second layer B, determined by 
multiplying by an even number one fourth of quantum-wave 
wavelength of propagated electrons, i.e., A/2 type 
potential, as shown in FIGS. 4E-4H, the quantum-wave of 
electrons can become a standing wave. 

Similarly, when a quantum-wave of electrons reaches 
the interface between the second layer B and the first layer 
W in the A/2 type potential, a transmission wave QW2 and a 



reflection wave QW3 having a phase corresponding to that of 
the transmission wave QW2 , are generated with respect to an 
incident wave QW1 as shown in FIG. 4G. Then when the 
transmission wave QW2 reaches the interface between the 
first layer W and the second layer B, a transmission wave 
QW4 and a reflection wave QW5 having a phase opposite to 
that of the transmission wave QW4 are generated as shown in 
FIG. 4H. With respect to A/2 type potential of the multi 
quantum-well, the propagating quantum-wave of electrons 
represented by QW1 , QW2 and QW4 and the reflecting quantum- 
wave of electrons represented by QW5 intensifies to each 
other, as shown in FIG. 4H. On the other hand, the 
reflection waves QW3 and QW5 can be considered to cancel 
with each other and the quantum-wave of electrons which is 
propagated from left to right in FIG. 4E can be a standing 
wave. Accordingly, with respect to the multi quantum-well, 
having a potential which is formed in a period, i.e. , the 
width of the first layer W and the second layer B, 
determined by multiplying by an even number one fourth of 
quantum-wave wavelength of propagated electrons, the 
quantum-wave of electrons can become a standing wave and a 
transmission layer having a high transmittivity (or a high 
mobility) for electrons can be realized. 

Alternatively, a multi quantum-well, having a 
potential which is formed in a period determined by 
multiplying by a natural number half of quantum-wave 
wavelength of holes, can be applied to the relationship 



described above. 

The quantum-wave interference layer unit described 
above can transmit carriers in accordance with numbers of 
electrons accumulated in the carrier accumulation layer. 
Accordingly, the light-receiving device can be formed by 
only one of the n-layer and the p-layer in which the 
quantum-wave interference layer units and the carrier 
accumulation layer are formed. Alternatively, the light- 
receiving device can be formed by a pn junction structure, 
in which the quantum-wave interference layer units and the 
carrier accumulation layer are formed in at least one of n- 
layer and p-layer. 

Fourth -aspect of the present invention - 

FIG. 5 shows a plurality quantum-wave interference 

units I k with arbitrary periods T k including a first layer 

having a thickness of D wk and a second layer having a 

thickness of D Bk and arranged in series. 

Each thickness of the first and the second layers 

satisfies the formulas: 

D„ k = n wk A wk /4 = n wk h/4[2m wk (E k +V) ] 1/2 ...(8) 
and 

D Bk = n Bk A Bk /4 = n Bk h/4(2m Bk E k ) 1/2 -..(9) 

In Eqs. 8 and 9, E k , m^, m Bk , and n wk and n Bk represent 
plural kinetic energy levels of carriers conducted into the 
second layer, effective mass of carriers with kinetic energy 
E k +V in the first layer, effective mass of carriers with 



kinetic energy E k in the second layer, and arbitrary even 
numbers , respectively . 

The plurality of the partial quantum-wave interference 
layers I k are arranged in series from I x to I jf where j is a 
maximum number of k required to form a quantum-wave 
interference layer as a whole. The carriers existing in a 
certain consecutive energy range can be effectively 
transmitted by narrowing a discrete intervals. 

Fifth and Sixth aspects of th e present invention 

The fifth aspect of the present invention is to form 
the band width of the carrier accumulation layer to have 
the same bandwidth as that of the first layer. And the 
sixth aspect of the present invention is to form the carrier 
accumulation layer to have a thickness same as its quantum- 
wave wavelength A w . As a result, the carriers excited in 
the carrier accumulation layer can be confined effectively. 

Seventh aspect of the present invention 

The seventh aspect of the present invention is 
directed forming a 6 layer at the interface between the 
first layer W and the second layer B. The 6 layer has a 
relatively thinner thickness than both of the first layer W 
and the second layer B and sharply varies an energy band. 
By sharply varying the band gap of the interfaces, the 
potential energy V of an energy band becomes larger 
substantially and the value x of Eq. 5 becomes smaller, as 



shown in FIGS. 7A-7D. Without forming a 6 layer as shown in 
FIG. 7A, a part of component of the first layer W and the 
second layer B mixes when the second layer B is laminated on 
the first layer W, and an energy band gap which varies 
sharply cannot be obtained , as shown in FIG. 7B. When a (5 
layer is formed at each interfaces of the first and the 
second layers , as shown in FIG. 7C, even if a part of 
component of the first layer W and the second layer B mixes, 
an energy band gap varies sharply compared with the case 
without 6 layers , as shown in FIG. 7D. 

Variations are shown in FIGS. 6A to 6D. The 6 layer 
may be formed on both ends of the every first layer W as 
shown in FIGS. 6A to 6D. In FIG. 6A, the 6 layers are 
formed so that an energy level higher than that of the 
second layer B may be formed. In FIG. 6B, the 6 layers are 
formed so that a band having lower bottom than that of the 

first layer W may be formed. In FIG. 6C, the 6 layers are 
formed so that the energy level higher than that of the 
second layer B and the energy level lower than that of the 
first layer W may be formed. As an alternative to each of 
the variations shown in FIGS. 6A to 6C, the 6 layer can be 
formed on one end of the every first layer W as shown in 
FIG. 6D. 



BRIEF DE SCRIPTION OF THE DRAWINGS 

Other objects , features, and characteristics of the 



present invention will become apparent upon consideration of 
the following description and the appended claims with 
reference to the accompanying drawings , all of which form a 
part of the specification, and wherein reference numerals 
designate corresponding parts in the various figures, 
wherein: 

FIG. 1 is a view showing the energy diagram of a 
quantum-wave interference layer according to the present 
invention; 

FIG. 2 is an explanatory view of a conduction band of a 
multi-layer structure of the present invention; 

FIG. 3 is a graph showing a relation between an energy 
ratio x and a reflectivity R; 

FIGS. 4A-4H are views of a relationship between- 
quantum-wave reflection and transmission of electrons in a 
potential of quantum-well structure and a period of 
potential representing a conduction band of a multi quantum- 
well (MQW); 

FIG. 5 is an explanatory view of partial quantum-wave 
interference layers I k ; 

FIGS. 6A-6D are explanatory views of 6 layers 
according to the present invention; 

FIGS. 7A-7D are views showing energy level according to 
the second and eighth aspects of the present invention; 

FIG. 8 is a sectional view showing a structure of a 
light-receiving device 100 (Example 1); 

FIG. 9 is a graph showing measured V-I characteristic 



of the light-receiving device 100 when incided or not 
incided by light; and 

FIG. 10 is a graph showing measured V-I characteristic 
of the light-receiving device 200 when incided not incided 
by light (Comparative Example) . 

DETAILED DES C RIPTIO N OF THE PREFERRED EMB O DIMENTS 

The invention will be more fully understood by 
reference to the following examples. 

Example 1 

FIG. 8 is a sectional view of a semiconductor device 
100 having an pin junction structure in which a quantum-wave 
interference layer is formed in an i-layer. The light- 
receiving device 100 has a substrate 10 made of gallium 
arsenide (GaAs). A GaAs buffer layer 12 of n-type 
conduction, having a thickness generally of 0.3 jam and an 
electron concentration of 2 x 10 18 /cm 3 , is formed on the 
substrate 10. An n-Ga 0 . 51 In 0 . 4 9P contact layer 14 of n-type 

conduction, having a thickness generally of 0.13 jmm and 
electron concentration of 2 x 10 18 /cm 3 , is formed on the 
buffer layer 12. An n-Al 0 .5iIn 0 .49P n-layer 16 of n-type 
conduction, having a thickness generally of 0.43 jum and an 

electron concentration of 1 x 10 18 /cm 3 , is formed on the 
contact layer 14. A non-doped i-layer 18 is formed on the 
n-layer 16. A Alo.51Ino.49P p-layer 20 of p-type conduction, 



having a thickness generally of 0.43 jum and a hole 
concentration of 1 x 10 18 /cm 3 , is formed on the i-layer 18. 
A p-Ga 0 .5iIn 0 .49P second contact layer 22 of p-type 
conduction, having a thickness generally of 0.13//m and a 
hole concentration of 2 x 10 18 /cm 3 , is formed on the p-layer 
20* A p-GaAs first contact layer 24 of p-type conduction, 
having a thickness generally of 0.06 //m and a hole 
concentration of 2 x 10 18 /cm 3 , is formed on the second 
contact layer 22. An electrode layer 2 6 made of gold and 

germanium ( Au / Ge ) , having a thickness generally of 0.2 //m, 
is formed so as to cover the entire back of the substrate 
10. Another electrode layer 2 8 made of Au/Zn, having a 
thickness generally of 0.2 {lm, is formed on some portion of 
the first contact layer 24 . 

A quantum-wave interference unit fa having a multi- 
quantum layer structure with 10 pairs of a Ga 0 .5iIn 0 .4 9 P first 
layer W, having a thickness of 10 nm, a Al 0 . 5 iIn 0 .49P second 
layer B, having a thickness of 14 nm, and a non-doped Al 0 . 3 3 
Ga 0 .3 3 In 0 .33P 6 layer, having a thickness of 1.3 nm, disposed 
between the first layer W and the second layer B is formed 
in the i-layer 18. ... ^ are formed like and 4 

quantum-wave interference units in total are formed in the 
i-layer 18. FIG. 6A shows a band structure of the quantum- 
wave interference layer fi x in detail. A non-doped 
Ga 0 .5iIno.4 9 P carrier accumulation layer Ci, having a thickness 
of 20 nm, is formed between any quantum-wave interference 
units ^ and respectively. Thicknesses of the first 
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layer W and the second layer are determined according to 
Eqs. 1 and 2, respectively , on condition that no external 
voltage is applied. 

The second layers B which contact to the p-layer 20 
and the n-layer 16 have thickness of 10 nm, respectively. 
And the substrate 10 has a diameter of 2.0 inches and the 
normal direction of its main surface is offset toward the 
[Oil] axis by 15 degree from the (100) plane. 

The light-receiving device 100 was manufactured by gas 
source molecular beam epitaxial deposition (GS-MBE) which is 
an epitaxial growth method under extremely high vacuum 
condition. GS-MBE is different from a conventional MBE 
which supplies group III and V elements both from solid 
state sources. In GS-MBE, group III elements such as indium 
(In), gallium (Ga), and aluminum (Al) are supplied from a 
solid source and group V elements such as arsenic (As) and 
phosphorous (P) are supplied by heat decomposition of gas 
material such as AsH 3 and PH 3 . Alternatively, the light- 
receiving device 100 can be manufactured by metal organic 
chemical vapor deposition (MOCVD) . 

As shown in FIG. 1, as a forward voltage V applied 
between the p-layer 20 and the n-layer 16 of the light- 
receiving device 100 increases, an electric potential 
gradient occurring in the i-layer 18 becomes gentler until 
it becomes plane. In this condition, electrons do not flow 
because a transmission condition for electrons in all of 
quantum-wave interference layers Q 1 to Q 4 is not satisfied. 



That is, the electrons transmitted through the quantum-wave 
interference layer Q x are relaxed to a basic level in the 
carrier accumulation layer C l and the carrier in C x can not 
transmit through the quantum-wave interference layer Q 2 . 

When light having an energy resonant to bandwidth of 
carrier accumulation layers C x to C 3 is incided, electrons 
are excited in the carrier accumulation layers C x to C 3 . An 
electron concentration in the carrier accumulation layers 
C x to C 3 becomes larger, and many electrons become to exist 
at the levels higher than the bottom of a conduction band in 
the second layer B. Then electrons in the n-layer 16 are 
conducted into the carrier accumulation layers C x which is 
adjacent to the n-layer 16, and electrons in the carrier 
accumulation layers C 1 are conducted into the- carrier 
accumulation layers C 2 . Accordingly, electrons intervene 
each carrier accumulation layers Ci and are conducted to 
each carrier accumulation layers at a high speed, by wave 
propagation of electrons as a wave. Thus electrons are 
conducted from the n-layer 16 to the p-layer 20 by a light 
excitation at a high speed. 

The light-receiving device 100 has a high opto-electric 
conversion effectivity because electrons, which are excited 
in the carrier accumulation layers C x to C 3 , function as a 
gate-controlled switch toward the conduction of electrons 
from the n-layer 16 to the p-layer 20. When electrons are 
not excited in the carrier accumulation layers C 1 to C 3 , a 
condition to transmit electrons is not satisfied in the 



quantum-wave interference layers Q x to Q 4 . But when 
electrons are excited in the carrier accumulation layers C x 
to C 3 , the condition is satisfied and electrons may be 
conducted in the quantum-wave interference layers Q 1 to Q 4 as 
a wave. Accordingly, a switching velocity is considered to 
be larger. 

Measured V-I characteristic of the light-receiving 
device 100 is shown in FIG. 9. When light is incided, the 
photocurrent is 10" 7 A at a slight forward voltage. And at 
0.8V of forward voltage, the photocurrent rises abruptly to 
10" 5 A. But even if a forward voltage is applied to the 
device, a dark current is suppressed at a lower value and 
degree of increasing is also suppressed. And the 
photocurrent when the diode is incided by light is about 
hundredfold that of a dark current, when the applied forward 
voltage is less than 1.2 V, and tenfold when the applied 
forward voltage is around 1.5 V. The photocurrent and the 
dark current are represented by Al and Bl, respectively. 
Additionally, the forward applied voltage at which an 
electric potential gradient in the i-layer 18 becomes plane 
is appeared to be 0.5 V. When an applied forward voltage is 
0.5 V, the photocurrent is about 1 x 10" 5 A. 

Comparative Example 

As a comparative example, a light-receiving device 
200 having the same structure as that of the light-receiving 
device 100 in Example 1 was manufactured. A quantum-wave 



interference unit Q 1 having a multi-quantum layer structure 
with 10 pairs of a Ga 0 .5iln 0 .49P first layer W, having a 
thickness of 5 nm, a Al 0 .5iln 0 . 4 9 p second layer B, having a 
thickness of 7 nm, and a non-doped Al 0 . 3 3 Gao.33Ino.33P 6 
layer, having a thickness of 1.3 nm, disposed between the 
first layer W and the second layer B is formed in the i- 
layer 18. Q 2 , .„ Q 4 are formed like Q lf and 4 quantum-wave 
interference units in total are formed in the i-layer 18. 
FIG. 6A shows a band structure of the quantum-wave 
interference layer units Q x in detail. Non-doped Ga 0 .5iIno.4 9 P 
carrier accumulation layers C x to C 3 , each having a 
thickness of 2 0 nm, is formed between any quantum-wave 
interference units Q 1 and Q i+1 , respectively. Thicknesses of 
the first layer W and the second layer B are determined by 
substituting 1 into n w and n B in Eqs. 1 and 2, respectively, 
on condition that an external voltage is applied between the 
electrodes 2 8 and 26, and that no potential gradient is 
occurring in the i-layer 18. The quantum-wave interference 
layer functions as a carrier reflecting layer opposite to 
the carrier transmission layer. The present inventor has 
clarified the function and the structure of the carrier 
reflecting layer as shown in U.S. Patent Application No. 
09/059,374. The. second layers B which contact to the n- 
layer 16 and the p-layer 20 have thickness of 0.05 jum, 
respectively, to prevent electron from tunneling. 

Measured I-V characteristic of the light-receiving 
device 200 is shown in FIG. 10. When light incided, the 



photocurrent rises abruptly from 10" 11 A to 10" 7 A, or in the 
range of 4 orders, at the forward voltage of 0.2 V. But the 
photocurrent of the light-receiving device 2 00, 10" 7 A, is 
smaller compared with the photocurrent of the light- 
receiving device 100, 10' 5 A, shown in FIG. 9. When an 
applied voltage is very small, electric current does not 
flow in the light-receiving device 200. On the contrary, 
electric current flows in the light-receiving device 100 in 
Example 1, by applying a small value of forward voltage. 

Comparing with Example 1 and this comparative example, 
V-I characteristic difference between the photocurrent and 
the dark current, and V-I characteristic difference between 
Example 1 and the comparative example are found to occur not 
because of a multi quantum-well structure itself but because 
of thicknesses of each layers in the multi quantum-well 
interference structure. Accordingly, a quantum-wave 
interference layer, functioning as a carrier transmitting 
layer which transmits carriers at a high velocity, can be 
obtained in the multi quantum-wave structure of the present 
invention. 

In the embodiment, four quantum-wave interference 
layers Q x to Q 4 are connected in series, with each of the 
carrier confinement layers C 1 to C 3 lying between each of 
the quantum-wave interference layers. Alternatively, two 
quantum-wave interference layer units and one carrier 
accumulated layer therebetween can be formed in the i-layer 
at least. 



In the embodiment, a 6 layer is formed in the device 
100. The 6 layer enables to vary the band gap energy at a 
potential interface sharply and improves the quantum-wave 
interference effect ( transmittivity ) of the devices. 
Alternatively, although the quantum-wave interference effect 

declines, the <5 layer is not necessarily needed. 

Further, in the Example 1, the quantum-wave 
interference layer unit and the 6 layer was made of ternary 
compounds including Ga 0t51 In 0>49 P/Al 051 In 0 . 49 P and quaternary 
compounds including Alo.33Gao.33Ino.33P, respectively. 
Alternatively, the quantum-wave interference layer units and 
a 6 layer can be made of quaternary compounds such as 
A^Gayln^.yP or AlxGayln^.yAs , selecting arbitrary 
composition ratio within the range of O^x^l, O^y^l, and 0 
^x+y^l. 

As another alternative, the quantum-wave interference 
layer can be made of group III-V compound semiconductor, 
group II-VI compound semiconductors, Si and Ge, and 
semiconductors of other hetero-material . The desirable 
compositions are as follows. Each combinations is 
represented by a composition of a layer having a wide band 
width / a layer having a narrow band width // a substrate. 
And x and y are arbitrary values wherein O^x^l and O^y^l, 
as long as they are not specified. 

<1> AlxIn^P / Gayln^yP // GaAs 
<2> AlxGa^xAs / GaAs // GaAs 



<3> GaxIn^P / InP // InP 

<4> GaJni^P / Ga^riL^s // GaAs 

<5> AlAs / AlxGa^xAs // GaAs (0.8^x^0.9) 

<6> InP / Ga.InL^SyPj.y // GaAs 

<7> Si / SiGe x // arbitrary material (0.1^x^0.3) 
<8> Si / SiGe x C y // arbitrary material (0.1^x^0.3, 0<y 
^0.1) 

<9> Al^Ga^In^.^ / Al^Ga^In^.^ // Si, SiC, GaN, or 
sapphire (0^x x , x 2 , y lf y 2 , x^y^ x 2 +y 2 5Sl) 

While the invention has been described in connection 
with what are presently considered to be the most practical 
and preferred embodiments, it is to be understood that the 
invention is not to be limited to the disclosed embodiments, 
but on the contrary, the description is intended to cover 
various modifications and equivalent arrangements included 
within the spirit and scope of the appended claims. The 
present document claims the benefit of Japanese priority 
document, filed in Japan on December 17, 1998, the entire 
contents of which is incorporated herein by reference. 

Obviously, numerous modifications and variations of 
the present invention are possible in light of the above 
teachings. It is therefore to be understood that within the 
scope of the appended claims, the invention may be practiced 
otherwise than as specifically described herein. 



